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Abstract- Height mapping of shallow water areas is an 
important task for many commercial and scientific applications 
like river navigability, infrastructure maintenance or natural 
resource monitoring. The use of an autonomous boat presents 
several advantages that ease the use of synthetic aperture images 
to create three-dimensional topographic maps through 
interferometric techniques. Sample data obtained during test 
trials illustrate how synthetic aperture can be used to generate 
imagery and bathymetry data. 
Keywords- Height mapping, interferometry, synthetic 
aperture, sonar, autonomous boat 
I. INTRODUCTION 
This article describes an interferometric synthetic aperture 
sonar mounted on an autonomous boat that has been developed 
at the University of Porto ([4,5]). High quality synthetic 
aperture imagery is obtained through the use of this platform 
and its ability to gather high precision navigation data that is 
then used to synthesize the sonar images in a motion error free 
manner. The images are then processed to obtain the bottom 
topography maps of rivers, estuaries, dams, harbors, etc.  
Topography mapping of the river beds is of high importance 
for a large set of reasons. Very few river beds have been 
scanned with submeter accuracy. Furthermore, these are 
dynamic environments and periodic studies are valuable for 
river navigability assessment, for instance. Also, dynamic sand 
dunes that form in rivers and overgrowth of submerged plants 
have an impact in the ecosystem and so, should be identified 
and mapped. These procedures must be done in a regular basis 
and can be efficiently done with an interferometric synthetic 
aperture sonar. Surveillance of harbors is another important 
application for this system. Here, it is important to map objects 
like fallen containers, rocks and sand dunes that can be 
hazardous to ships using the docks. 
Using an autonomous boat presents several advantages as the 
sonar platform. Precise navigation is possible using a RTK-
GPS that is further enhanced with the data from an inertial 
navigation unit taking the navigation error down to the less 
than 1 centimeter. The synthetic aperture algorithms used 
(based on back-projection) employ this data to synthesize 
motion error free images. This enables low phase errors and 
the assembly of high quality interferograms. The height 
uncertainty is therefore controlled and the process of phase 
unwrapping for the height estimation is less complex.  
Furthermore the position of the boat and its velocity is 
controlled in a closed loop to follow predefined paths (this is 
possible with small surface crafts). As so, dual pass 
interferometry is possible with this sonar system, enabling the 
use of longer baselines, reducing the height estimation errors. 
As further advantage, the autonomous boat enables low 
operation costs and fast deployment, which is crucial in many 
surveillance applications. In comparison to real aperture or 
multi-beam system systems, this approach uses lower cost 
hardware to obtain the same level of performance. 
 
Figure 1: Autonomous with submerged transducer arrays. 
The autonomous boat carries a double array of transducers 
arranged in the vertical direction. They operate at 200kHz, 
with a beam width of 18º. After pulse compression and 
synthetic aperture image formation, a resolution of 1.5cm in 
range and 1cm in the along-track dimension is obtained. The 
theoretical height estimation error is within centimeter level. 
The nominal operation speed of the system is 0.5m/s, but can 
be extended to 1m/s. 
Results obtained during test missions in the Douro River, 
Portugal, are presented as examples of the system capabilities. 
This include height mapping through one-pass and dual-pass 
interferometry.  
This system enables gathering of both reflectivity and height 
maps. Combined together, they can enable better knowledge of 
the underwater territory demonstrating that an interferometric 
synthetic aperture sonar operated from the surface is a 
powerful tool for shallow water remote sensing. 
II. INTERFEORMETRIC HEIGHT MAPPING 
 A synthetic aperture sonar system provides high resolution 
reflectivity maps of underwater areas by coherently combining 
echoes and forming a large virtual array. The obtained 
resolution is in the order of the dimension of the transducer 
used and more importantly is independent of the range ([2, 7]). 
Nevertheless this images provide only information in two-
dimensions, which is not sufficient for most underwater 
imaging applications.  
 
Figure 2: Transducer array. 
If the area observed is imaged by two synthetic apertures and 
a suitable looking angle, the information included in the phases 
can be used to obtain the third dimension and thus supply 
height estimation ([1, 3]). This is a know technique in synthetic 
aperture radar systems, but still a relatively unexplored concept 
in synthetic aperture sonar systems. The reason for this is 
linked to the difficulties that motion and medium phase errors 
induced in the obtention of good quality interferograms. 
Nevertheless there have been some very successful approaches 
to interferometric synthetic aperture sonar, as described in [13] 
and [14]. 
Interferometric height mapping is not restricted to be used 
with synthetic aperture ([15]). It is possible to create 
interferograms from real aperture sonar images. Nevertheless, 
using synthetic aperture has several advantages inherent to the 
resolution abilities of the synthetic aperture sonar, especially 
when there is the need to cover large areas as the resolution is 
independent of the range. Moreover interferometric synthetic 
aperture sonar enables coregistered imagery and bathymetry, 
which is of great interests for mapping applications.  
III. SYSTEM DESCRIPTION 
The described sonar system is built considering the operation 
in an autonomous boat as it platform (Figure 1). The boat is 
based on a modular architecture, comprising two pontoons, two 
independent thrusters for high maneuverability, batteries for 
energy, a CPU module with navigation sensors, a high speed 
communications link to shore for boat control and real-time 
data visualization from the sonar system itself. The navigation 
system is constituted by a RTK/DGPS, an inertial unit and 
digital compass unit. The autonomous boat is capable of 
following pre-programmed paths at a specified reference 
velocity ([4, 5, 6]). The sonar system is constituted by two 
vertically separated transducer arrays (Figure 2). Each 
individual array looking angle is adjustable and the separation 
between both arrays is 0.5m. This separation distance is a 
trade-off between fringe spacing and height resolution.  
 
Figure 3: Sonar system. 
Typically the two arrays are submerged at depths of 1m and 
1.5m. The elements have 5cm of diameter and work at a 
frequency of 200kHz proving a maximum bandwidth of 40kHz 
and a beam-width of 18 degrees. The transducer array is 
dismountable from the boat for ease of transport, but has a 
mechanical support that enables precise and repetitive 
attachment. This mechanical support also guarantees a rigid 
bond to the boat while minimizing oscillation from the 
transducer array arm.  
The sonar is built around a FPGA system that generates the 
transmitting signals (chirps), controls the power and low-noise 
amplifiers, synchronizes the data to GPS time and manages the 
data recording thought the analog-to-digital channels ([6]).  
IV. AUTONOMOUS BOAT CONTROL 
The motion of the autonomous boat influences considerably 
the performance of the sonar system. To achieve the best 
results, the boat should move in straight lines at constant speed 
over ground and with minimal roll and pitch motions. 
Furthermore, it is desirable that the intended boat trajectories 
are described with minimal deviation to allow multiple sweeps 
in close parallel lines which are mandatory for dual passage 
interferometric height mapping. 
To accomplish these goals, a control system that 
automatically drives the vehicle along user specified 
trajectories at given speeds was developed. The control system 
is organized in two independent control loops, one for the 
velocity and the other for the horizontal position of the vehicle. 
The velocity loop determines the common mode actuation of 
the boat while the horizontal plane loop determines the 
differential mode actuation. These values are then combined to 
produce the commands for the starboard and port thrusters. 
The velocity loop is based on a proportional plus integral 
controller that assures that the velocity of the boat is, in steady 
state, the one defined by the user. The controller parameters 
where tuned to assure a smooth motion by rejecting high 
frequency noise from the navigation sensors. Different 
controller parameters can be used to obtain the best behavior at 
different velocity ranges. 
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Figure 4: Line tracking performance. 
The horizontal plane loop implements a line tracking 
algorithm. It is composed by an outer controller that computes 
a heading reference based on the cross track error (distance of 
the boat to the desired straight line) and an inner controller that 
drives the vehicle heading to the given reference ([5]). This 
two stage control loop assures zero cross track error in steady 
state regardless of the water current and the tuning of the 
controller parameters took into account a dynamic model of the 
boat. 
Relevant to performance of the automatic control system of 
the boat, and in general to its behavior, is the quality of the real 
time estimates of the vehicle position, attitude and velocities. 
These are produced by a navigation system that relies on data 
provided by a magnetic compass, an inertial measurement unit, 
a pair of L1 GPS receivers and a L1+L2 RTK GPS receiver. 
When receiving DGPS corrections, the navigation system 
produces position estimates with accuracy better than 1.5cm 
for an update rate of 10 Hz. The whole system has already 
been tested in operational scenarios with great success. In 
particular, it has been observed that the vehicle describes 
intended trajectories with average cross tracking errors below 
10cm. For illustration purposes, Figure 4 presents a histogram 
of the cross tracking error for a 50 m straight line described by 
the autonomous boat while collecting SAS data. 
V. INTERFEROMETRIC HEIGHT ESTIMATION PROBLEM 
Consider two synthetic aperture images a swath formed from 
two separate apertures. These images can be obtained from two 
different transducers mounted in the same system at different 
positions (single pass system) or from two different passages 
through the same swath (dual pass system).  
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Figure 5: Interferometric processing flow diagram. 
Each synthetic aperture image is processed independently 
following the normal steps for image generation (Figure 5): 
pulse compression; synthetic aperture processing using known 
navigation data and auto-focus. The synthetic aperture images 
are formed using a back-projection algorithm ([10]) that uses 
the available precise navigation data and a prior rough estimate 
of the bottom height to synthesize motion error free images ([4, 
8, 9, 12]). The images are also submitted through an auto-focus 
step to reduce phase errors due to motion uncertainties and 
medium fluctuations.  
Prior to the creation of the interferogram, the images have to 
be carefully aligned through a registration step. This step 
identifies several control points in both images, computes the 
geometric displacement relationship between each pair of 
control points and finally warps through interpolation one 
image so it overlays the other ([17]). It is also useful to filter 
the phase data due to the specular nature of the reflectivity 
maps. 
The geometric model of the interferometric height 
estimation can be seen in Figure 6. The relation in the ranges to 
the same point given by the two images is obtained by: 
( )2 2 21 2 2( ) 2 cosR R R B BR ψ β+ Δ = + − +   (1.1) 
Where B  is the separation arm between the receiving 
transducers, β is the angle this arm makes with the horizontal 
line that intersects the transducer T1 position and ψ is the angle 
of 1R with also this horizontal line. RΔ can be given, in the 
single pass case, by the phase difference, φ , between the 
images:  
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Figure 6: Interferometric height mapping geometry. 
In the two pass case there is a factor of 2 in the phase that 
accounts for the fact that the images are formed by different 
transmitting transducer position.  
The height estimation is given by: 
0 1 sin( )h h R ψ= −  (1.3) 
In both cases, the obtained images can be modeled by the 
following equations: 
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Where ( , )bss tτ is the pulse compressed echo data. The 
interferogram which gives origin to the phase differences is 
given by: 
 2 1ff ffφ = ∠ ⋅  (1.5) 
In the particular case of this sonar system we can simplify 
the height estimation equation given two situations: single-pass 
and two-pass. In the single pass the transducers are arranged in 
a vertical manner and so 90ºβ = (Figure 7). In this case, we 
get: 
 ( ) 1sin sin RR B
B
ψ ψ − Δ⎛ ⎞Δ ≈ ⇒ = ⎜ ⎟⎝ ⎠  (1.6) 
This approximation is valid for range differences ( RΔ ) 
much smaller than the range itself ( 1R ) which is the case for 
smooth topographies.  
R
h
R1
R2
1T ψ
z
h 0
y
T2
B
Δ
 
Figure 7: Interferometric height mapping geometry (1-pass). 
For the dual passage case, then 0ºβ = (Figure 8): 
 ( ) 1cos cos RR B
B
ψ ψ − Δ⎛ ⎞Δ ≈ − ⇒ = −⎜ ⎟⎝ ⎠  (1.7) 
Δ
h
R1
ψ
z
h 0
y
2R
BT 1 T 2
R
 
Figure 8: Interferometric height mapping geometry (2-pass). 
 
To get an estimate of the height error we can differentiate  
the height function in regard to phase: 
 1dh dh d Rd Rd d d
d
φ ϕ φ
ϕ
Δ
= ⋅ ⋅Δ  (1.8) 
 
And get: 
 0 cos( )
sin( ) 2h
R
B φ
ϕ λ
σ σ
ϕ β π= − +  (1.9) 
Here, φσ is the phase error which can be derived from the 
signal-to-noise ratio and 0R is the medium range to the scene. 
From this equation we see that the longer the arm between the 
transducers, the lower the height estimation error. For the arm 
variation (which is an important factor in dual-passage 
operation), the height estimation error can be given by: 
 1dh dh d Rd Rd d dB
d
φ ϕ
ϕ
Δ
= ⋅ ⋅Δ  (1.10) 
Which in turn gives: 
 0 cos( )
cot( )h B
R
B
ϕ
σ σ
ϕ β= +  (1.11) 
So also in this case the longer the arm, the more insensible is 
the height error to the variation of the arm.  
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Figure 9: Height error sensibility. 
Figure 9 show the height error estimate for increasing errors of 
phase and arm measurement error. It is possible to see that a 
longer arm produces lower height error for the same phase or 
arm error.  
The arm can’t be arbitrary long also due to decorrelation 
between the pair of synthetic aperture images. The maximum 
arm after which the images have an inappropriate degree of 
correlation is given by the following equation in the case of 
single-pass ([18]): 
 0
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And for the case of dual-pass: 
 0 2
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XTρ is the cross-track resolution. For the parameters of the 
sonar in consideration this results in 27 and 38m, respectively. 
Nevertheless, this will also produce a greater phase variation, 
which is problematic since the phase is a wrapped 
measurement. 
In equation (1.2), the phase difference φ  is only known 
modulo 2π . This means that the absolute phase ϕ is related to 
φ  through a wrapping operator: 
( ) ( )mod , 2Wφ ϕ ϕ π π π= = + − (1.14) 
Therefore to obtain the height map estimate it is necessary to 
know the integer value of cycles (since the beginning of the 
scene) and retrieve the absolute phase. 
In the absence of noise, this is simply done by integrating the 
phase difference and adding 2π  if the difference of value at a 
discontinuity is smaller than π− or subtracting 2π if the value 
is larger than π . 
However, in the presence of noise this phase integration will 
easily fail. Several algorithms have been derived to effectively 
solve this problem, such as path following methods or 
minimum norm methods ([16]). In this paper we will focus on 
a particular minimum norm method know as the least square 
phase unwrapping. 
If the adjacent phase differences do not differ by more than 
π± , then the wrapped gradient of the measured wrapped phase 
differences, φ∇ , will equal the gradient of the absolute phase 
differences ϕ∇ , so that the solution that minimizes the 
following equation, 
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is the minimum least squares solution to the phase unwrapping 
problem. Here, ,
x
i jφ∇ is the discrete phase gradient in 
the x direction and ,
y
i jφ∇ the gradient in the y direction. 
 
Figure 10: Height map, DouroRiver (single-pass). 
Putting this equation in the form: 
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This equation can be identified as the discrete Poisson’s 
equation. After manipulation of this equation, it is possible to 
efficiently calculate a solution through the discrete cosine 
transform (DCT): 
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VI. RESULTS  
The system was tested in the Douro River, Portugal. During 
these tests it was possible to obtain some experimental data. 
The test site has a muddy river bed with smooth height 
variations caused my accumulation of sand and mud. The 
results are still preliminary, due to difficulties in obtaining 
comparison data and the early development stage of the sonar 
hardware.  
The autonomous boat was programmed to make passages 
near the shore line and in close proximity to a harbor entrance. 
Figure 10 show the height map of an area near the shore.  
To test the dual-passage possibility the boat was 
programmed to make a parallel pass on the same area, with a 
1m of distance between passes (Figure 11).  
This type of control would be very difficult to obtain if not 
for the use an autonomous boat. The arm variation is depicted 
in Figure 12. 
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Figure 11: Trajectory described by the autonomous boat. 
The relative arm variation is small, but nevertheless it has to 
be accounted for during the height calculation stage. The 
resulting height map obtained with the two passes is presented 
in Figure 8.  
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Figure 12: Arm in the dual-passage mode. 
For this system an arm estimation error in the centimeter 
level will produce a height error on the same accuracy level. 
 
Figure 13: Height map, Douro River (dual-pass). 
At the entrance of the harbor there is a visible sand dune 
formed by accumulation of river sand (Figure 14).  
 
Figure 14: Height map of a harbor entrance in the Douro River. 
The coregistration of swath reflectivity imagery with 
bathymetric data, enabled by interferometric synthetic aperture 
sonar, renders the results much more readable. 
VII. CONCLUSION  
An approach to shallow water height mapping was presented 
in this paper. The use of synthetic aperture sonar imagery to 
produce interferometric height mapping presents several 
advantages, but also shortcomings. An autonomous, the control 
of which is made automatically presents ease of use and 
deployment in areas suitable for its operation, like harbors, 
rivers, dams, etc. This system can be used successfully in many 
applications. 
Dual pass interferometry is an important technique that 
might help reduce the height estimation errors through the use 
of a longer separation between images. This is specially the 
case when longer wavelengths are used. Nevertheless, care 
must be made to the extension of this separation due to the 
decreasing of fringe spacing, image decorrelation and specially 
motion errors. Also one must guarantee that the swath 
maintains its coherence during the time needed to obtain the 
echo data.  
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